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The Kuroshio is the major ocean current conveying heat and water mass in the Pa- Keywords:
cific Ocean. The impact of the Kuroshio on regional wind and wave distributions has Air-sea-current

been studied with spaceborne-altimeter measurements in the Yellow and East China interaction,

Seas. In this region the Kuroshio trajectory is relatively stationary and the monsoon Kuroshio,

patterns dominate, making it an ideal natural laboratory for large scale air-sea-cur- modulation,

rent interaction research. Major findings from this study include: (a) The Kuroshio nwavecurrentinteraction,
exerts significant influence on the wind and wave distributions over a swath about stability.
800-km wide along its path. (b) Seasonal average wind speeds reach a maximum near
the Kuroshio axis. The magnitude of enhancement ranges between 20 and 50 percent.
(c) The distribution of the surface wave heights displays similar spatial patterns to
the wind-speed distribution. The Kuroshio effects on wave heights are further com-
plicated by the hydrodynamic modulation of wave-current interaction and the influ-
ence of thermal stratification on wind-wave generation. (d) Kuroshio effects are most
prominent in the first and last quarters of the year, and least prominent in the third
quarter.

1. Introduction other regions based on examinations of the wind and wave
Spaceborne altimeters provide measurements of wind distributions along ground tracks crossing the Kuroshio

speed, U10, and significant wave height, H,, at intervals or the Gulf Stream in various locations. It is assumed that
of about 7 km along the satellite ground tracks. Compari- for such features to become manifest in measurements, a
son studies of the altimeter-measured wind speeds and stable path of the major ocean current and reasonably
wave heights with surface buoy data have shown good persistent weather patterns in the area of investigation
agreement (e.g., Freilich and Challenor, 1994; Gower, are required. The Kuroshio in the East China Sea is con-
1996; Hwang et al., 1998a; Queffeulou, 2003, 2004). The fined by the bathymetry (Qiu and Imasato, 1990; Sun and
synoptic data can be used to produce seasonal and annual Su, 1994; Lie et al., 1998). The relatively stable course
wind and wave climatologies to one-degree resolution of the Kuroshio, the regular monsoon weather patterns
(e.g., Hwang and Teague, 1998) and to investigate the and the almost-closed boundaries of the region make it a
spatial patterns of wind and wave distributions in regional natural laboratory for investigating regional scale air-sea-
scales (e.g., Hwang et al., 1999). Synoptic pictures of the current interactions. This note presents analyses of the
seasonal climatology of winds and waves constructed TOPEX data along a ground track following approxi-
from the TOPEX data (e.g., figure 2 of Hwang et al., mately the central axis of the Yellow and East China Seas
1998b) show abundant details of spatial structures. One (Section 2). The distributions of the seasonal averages of
of the most interesting features is the local intensifica- wind speeds and wave heights along the ground track are
tion of the wind and wave distributions along the Kuroshio presented. Local enhancement of the average wind speeds
axis as described by Hwang et al. (1998b). The unam- attributing to the influence of the Kuroshio is quantified.
biguous enhancement is much more difficult to detect in A similar pattern of wave-height enhancement is found

along the ground track. In additional to the direct corre-
lation of wind-speed enhancement with the wave-height

• E-mail address: paul~hwang@nrlssc.navy.mil enhancement, the modification of the wave-height distri-
Copyright © The Oceanographic Society of Japan. bution is further complicated by the mechanism of wave-
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Fig. 1. Modulation of winds and waves by the Kuroshio. (a) TOPEX ground tracks in the Yellow and East China Seas, with
ground track 69 highlighted. The seasonal variation of the Kuroshio axes are superimposed on the map (+: spring, A: summer,
0-: fall, 0: winter). The 200-m depth contour is also shown. Seasonal averages of (b) wave heights and (c) wind speeds along
ground track 69. The results are based on four years average (1993-1996) of TOPEX outputs. The Kuroshio axes intersect
ground track 69 at approximately 28°N. Local enhancements of wind speeds and wave heights are attributed to the Kuroshio
influence.

current interaction and the effect of stability conditions original data from individual satellite ground tracks pro-
on the generation of wind waves. The altimeter measure- vide the highest spatial resolution. Examples of the cy-
ments are compared with numerical computations of wave cle-by-cycle spatial distributions of H, and U10 along
modulation by a shear current using the action density ground track 69, which passes through the central por-
conservation equation of surface waves. The growth func- tion of the region, can be found in figure 4 of Hwang et
tion of wind-generated waves is used to estimate the ef- al. (1999). In the present analysis, the altimeter data (H,
fects of wind-speed distribution on the wave-height dis- and U10) are first interpolated linearly onto uniform spac-
tribution. The contributions to the wave-height enhance- ing of 0.05-degree latitude along the ground track. The
ment due to wave-current interaction and wind-speed dis- distance between neighboring points of the interpolated
tribution are found to be comparable: each contributes dataset is between 6.0 and 6.3 km, slightly smaller than
about one third to the observed level of the wave-vari- the nominal distance (7 km) of the original geophysical
ance enhancement attributable to the Kuroshio. The re- data record.
sults suggest that the effect of unstable stratification on The seasonal mean trajectories of the Kuroshio in
wind-wave generation accounts for the remaining one- the ECS based on a geomagnetic electrokinetograph
third contribution to the observed wave-variance enhance- (GEK) survey (Sun and Su, 1994) are plotted in Fig. 1 (a).
ment (Section 3). Finally, conclusions from this study are The seasonal (quarter-year average) distributions of H,
summarized in Section 4. and U10 along ground track 69 are shown in Figs. l(b)

and (c). The Kuroshio crosses ground track 69 at approxi-
2. Modification of Winds and Waves by the Kuroshio mately 28'N (Fig. l(a)). The wind and wave distributions

show distinctive enhancement at the Kuroshio location
2.1 Data analysis (Figs. 1 (b) and (c)). The results also reflect the climatol-

To evaluate the quantitative effects of the Kuroshio ogy of the region. The primary wind direction in the win-
modulation of regional wind and wave properties, the ter months is northwesterly in the north (Bohai), north-
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Table 1. Rate-of-increase of wind speeds (m/s per degree latitude) and wave heights (m per degree latitude) along ground track
69.

27°Nto axis Axis to 29 0 N 29°Nto 32ON 320Nto 34°N

Wave height Q1 -0.22 0.25 0.10 0.07
Q2 -0.20 0.25 0.11 0.11
Q3 - - -

Q4 -0.25 0.11 0.08 0.03

Wind speed Q1 -1.4 0.7 0.4 -0
Q2 -1.0 1.2 0.4 -0
Q3 -1.2 - - -
Q4 -1.4 1.5 0.3 -0

erly in the Yellow Sea (YS) and northeasterly in the ECS. in the region north of 32°N are relatively constant, ex-
In the summer, the wind direction is southerly to south- cept in the region close to the coast. South of 32°N in the
easterly in the whole region. The winds fluctuate during East China Sea, the average wind speeds increase stead-
the transitional seasons (Wang and Aubrey, 1987). ily at a rate of 0.3 to 0.4 m/s per degree latitude from 32

It is clarified here that the U10 output from the altim- to 29°N. Within approximately 100 km of the Kuroshio
eter is deduced from the ocean surface roughness, which axis, the growth rate increases significantly, ranging from
is modified primarily by the wind speed, the atmospheric 0.7 to 1.2 m/s per degree latitude. After passing the
stability condition, and the ocean-surface current distri- Kuroshio axis, wind speed decreases at an even higher
bution. Weissman and Graber (1999) reported a compari- rate of -1 to -1.4 m/s per degree latitude (Table 1). The
son study showing that the wind friction velocity derived sharp rate-of-decrease in the last region is partially caused
from the scattering cross section of a satellite by the sheltering effect due to the presence of the Ryukyu
scatterometer is in very good agreement with that obtained Islands, which cross the ground track 69 at about 26.4°N.
from buoy measurement using a bulk formula. In the vi- Q2 (April, May and June) is the transitional season in the
cinity of major ocean currents, such as the Kuroshio and region and the magnitudes of wind speeds and wave
the Gulf Stream, three is a significant contribution from heights are much smaller than their counterparts in Qi
atmospheric instability caused by the air-sea temperature and Q4. The magnitude of modulation, however, is com-
difference, and the surface current speeds may be a sig- parable to that of Q1 and Q4 (Table 1). In Q3 (July, Au-
nificant fraction of the wind speeds. Conventionally, U10  gust and September) when the southerly monsoon pre-
represents the equivalent wind speed (on an inertial co- vails in the region, a similar but smaller local enhance-
ordinate system) at 10-m elevation under neutral stabil- ment in the wind-speed distribution at the Kuroshio loca-
ity condition and may differ from the wind speed mea- tion is also apparent, but the overall distribution is more
sured by an instrument mounted at 10-m elevation. In the irregular compared to that of the other three seasons. In
presence of a strong current, such as the Kuroshio with a particular, there are additional local peaks of the wind-
surface current speed of I to 2 m/s, the satellite-measured speed distribution at about 30.5, 32.2 and 35.8°N, which
U10 , which is more useful for air-sea interaction studies will be further discussed in Subsection 2.2.
than the anemometer wind speed, can be expected to be The distributions of the average wave height display
enhanced or retarded (depending on the direction between many similar features of the distributions of the average
wind and current) by a magnitude similar to the surface wind speed, except that in the region of constant wind
current speed. Other known factors affecting the altim- speeds north of 32°N and away from coastal influences,
eter backscattering coefficient include the sea surface tem- waves continue to increase due to fetch growth (assum-
perature, wave (surface roughness) modulation near cur- ing that the wind fetch increases southward in the three
rent boundaries, and foam and whitecaps produced by seasons Qi, Q2, and Q4). The rate-of-increase of wave
breaking waves. heights in the vicinity of the Kuroshio is again two to

The Kuroshio modification on the wind-speed dis- three times larger than that in the region further away
tribution is somewhat simpler than the modification on from the Kuroshio axis. The rate of wave-height increase
the wave-height distribution, and will be discussed first is more than can be accounted for by the wind-speed en-
(Fig. l(c)). The effect is especially strong in QI (Janu- hancement (to be further quantified in Subsection 3.2).
ary, February and March) and Q4 (October, November Table 1 lists the growth rate of winds and waves in the
and December). For these two quarters, the wind speeds region between 27 to 34 0N, divided into four general sub-

Wind Wave Modulation by Kuroshio 989



regions as described in the discussion of the wind-speed illustrate the strong influence of the Kuroshio on the
distributions. weather over the whole region of the Yellow and East

China Seas.
2.2 Dynamic significance

One of the obvious mechanisms producing the ob- 3. Wave-Current Interaction
served local enhancement of wind speeds is the unstable
atmospheric boundary layer above the Kuroshio. The 3.1 Numerical computation
unstable stratification generates vertical convection, In the neighborhood of the Kuroshio axis, additional
which in turn enhances the horizontal air flow due to the enhancement of winds and waves is apparent. The wave-
continuity of the fluid motion. Based on the results shown height enhancement upstream and the subsequent decrease
in Fig. 1(c), the region of immediate influence of the downstream of the Kuroshio axis is a characteristic fea-
Kuroshio on the wind-speed distribution is about 100 km ture of the surface-wave modulation by current shear (e.g.,
on either side of the Kuroshio axis, and the extended in- Longuet-Higgins and Stewart, 1960; Keller and Wright,
fluence reaches about 400 km from the axis. The Kuroshio 1975; Hughes, 1978; Thompson and Gasparovic, 1986;
effects on the region's atmospheric and oceanographic Hwang and Shemdin, 1990; Hwang, 1999). The wave
climatologies are obviously quite far-reaching and encom- action density conservation equation can be used to quan-
pass a swath about 800-km wide along its path. The sig- tify the current modulation of surface waves,
nificant implications of the positive covariations of the
sea surface temperature and surface wind speed on air- dN •N •N • •N •k
sea interaction processes have been discussed by Xie et -- = -- + = I Q,, (1)
al. (2002) and Nonaka and Xie (2003). dt Dt -x D-t +k Dt

The observed wind-speed distributions in the sum-
mer months are of special interest as they reveal other where N is the wave action, t is time, i = (x, y) is the
frontal systems that have impacts comparable to the weak- space vector, k = (k1 , k2) is the wavenumber vector, and
ened Kuroshio effect in these months. As discussed ear- Qj are source terms. The partial differential equation (1)
lier, there are additional local peaks in the wind-speed can be transformed into a system of ordinary differential
distribution at about 30.5, 32.2 and 35.8°N. Those loca- equations,
tions seem to match the edges of the Yangtze Bank Ring
Front (30.5, 32.2°N) and the Shandong Peninsula Front dN
(35.8°N) described in figure 2 of Hickox et al. (2000) dt Qi, (2)

and figure 8 of Belkin and Cornillon (2003) (the latitudes
in figure 8 of Belkin and Cornillon (2003) are off by 5°). d
There have been persistent questions about the source of -- = + U
the Yellow Sea Warm Current and whether it is a perma- dt g (3)

nent feature (e.g., Nitani, 1972; Beardsley et al., 1985;
Lie et al., 2001; Teague et al., 2003). Results from re- dk
mote sensing measurements, such as the frontal structure -=-k 1 VU-k 2 VV, (4)
inferred from the SST data (Hickox et al., 2000; Belkin
and Cornillon, 2003) or the wind-speed modification by where jg is the group velocity, and 0 = (U, V) is the
a heat source as presented above, may provide additional current vector. Equations (2) to (4) can be solved by the
information for resolving such elusive questions. The re- method of characteristics (e.g., Hughes, 1978; Hwang and
sults of the altimeter wind-speed modulation suggest that Shemdin, 1990). Because the wavelengths investigated
both the Yangtze Bank Ring Front and the Shandong Pe- here are relatively long, the magnitudes of the source func-
ninsula Front are more prominent in the spring and sum- tions of wind input and breaking dissipation-based on
mer seasons and their signature is much weaker in the Plant's (1980) or Hughes' (1978) formulations, for ex-
winter, possibly masked by the influence due to the ample-are very small. Numerical experiments with or
Kuroshio. The close correlation between the sea surface without source functions did not produce significant dif-
temperature and the surface wind velocity in the Kuroshio ferences in the computational results. In the following
regions has been reported by Xie et al. (2002) and Nonaka discussions, all computations are based on zero external
and Xie (2003). Using multiple satellite products, Xie et source terms. The only mechanism contributing to the
al. (2002) illustrated the profound influence of the modulation is the spatial variation of the surface velocity
bathymetric control on the SST distribution in the Yel- in the Kuroshio. For the modulation computation, the
low and East China Seas and the subsequent influence on surface velocity is assumed to follow a ID Gaussian pro-
the distributions of winds and clouds. Their analyses also file,
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Fig. 2. Examples of the modulation computations. (a) Current profile, (b) current shear, (c) distribution of the normalized spec-
tral density across the current, and (d) modulation level as a function of the angle between wave and current. In (c) the
altimeter observations of the normalized variance of surface waves (proportional to the square of the significant wave height)
between 27 and 29°N are superimposed for comparison.

P[_( 2 current direction (near 00) can be refracted back and are

U(A = U0 (x 5) unable to cross the current (e.g., Wang et al., 1994).
Uy -(b) The amplitude response is linearly proportional to the

peak current velocity. And (c) the modulation level in-
creases with wavenumber for a given current strain. All

where U0 is the peak current velocity at the axis, and Yb is these properties are in accordance with the relaxation
a scale width of the current. An example of the current theory of wave-current interaction (e.g., Hughes, 1978;
profile U(y), the current shear Ujy), and the resulting Hwang and Shemdin, 1990). The maximum modulation
modulation of the wave spectral density, F(y)/Fo, is shown level due to hydrodynamic straining for the winter con-
in Figs. 2(a)-(c). For these examples, U0 = 1 and 2 m/s, ditions, with the wave vector at -120' to -180' relative

Yb = 50 km, the initial (unperturbed) wavenumber is ko = to the Kuroshio axis, is about 10 to 20 percent, assuming
0.1 rad/m, and the wave is propagating toward -140' rela- that the peak velocity of the Kuroshio is between 1 and 2
tive to the current axis (0' is toward downstream). Addi- m/s. This modulation magnitude is about one third of the
tional calculations for different values of U0 , k0 , and wave observed Kuroshio enhancement of the wave variance
propagation angles produce similar modulation results. (Fig. 2(c)).
Figure 2(d) shows the computed modulation level as a Additional mechanisms contributing to the wave-
function of the angle between wave and current for three height enhancement, besides wave-current interaction,
combinations of peak current speeds and initial include the unstable stratification and the spatial distri-
wavenumbers. In Fig. 2(c), field data from Q1 and Q4 bution of the wind speeds. The effect of wind-speed dis-
are superimposed on the computed curves. tribution can be estimated by the growth function of wind-

generated surface waves, represented here as a power-
3.2 Discussions law dependence of the dimensionless wave energy on the

Several observations can be made based on the nu- dimensionless wave frequency (inverse wave age),
merical results shown in Fig. 2. (a) The directional re-
sponse of the wave modulation by surface current is si-
nusoidal, with minimal modulation in the cross-current e. = Rwo*., (6)

orientation. Waves propagating at a shallow angle in the

Wind Wave Modulation by Kuroshio 991



where e, = o2g 2/Ul0
4, o),. = wpUlo/g, a (=H,/4) is the root pact of the Kuroshio on winds and waves has been stud-

mean square (RMS) surface displacement, o) is the an- ied using spaceborne altimeter data. The results show that
gular frequency of the wave component at the spectral the Kuroshio exerts a significant influence on winds and
peak and g is the gravitational acceleration. Expressed in waves over a swath about 800-km wide along its path,
dimensional form, the dependence of wave height on wind and increases the average U10 by about 20 to 50 percent.
speed can be written as The Kuroshio modulations of winds and waves are most

prominent in the first and fourth quarters when air-sea
H 2  l6Rr 2 4+r r (7) temperature contrast is high. In the second and third quar-

10 = -cpters, when the Kuroshio influence weakens, effects from
regional frontal structures become more detectable. The

For the purpose of the present discussion, assume that local peaks in the wind-speed modulation match the Yang-
the change in toh is relatively small, then the modifica- tze Bank Ring Front and the Shandong Peninsula Front
tion of I-s by the change of wind speed can be estimated ifre rmln-emSTpoaiiysuiso h

by H'2 U141,. Th exonet rvaris fom 3.0 to inferred from long-term SST probability studies of the
by3H42 Uasedo Thalses eonfen ited waries from h -0to frontal structure in the region (Hickox et al., 2000; Belkin
-3.42 based on analyses of fetch-limited wave growth data and Cornillon, 2003).

(e.g., Toba, 1978; Young, 1999; Hwang and Wang, 2004), The wave-height distributions display similar pat-

therefore, H 2 _ Uo0
0

.
6 to U10

1 '0 . Using the results between terns to those of the wind-speed distributions. The mag-

29' and 28°N shown in Fig. 1 (c) to estimate the Kuroshio nitude of the wave-height enhancement is larger than that

effects, the wind-speed enhancement by the Kuroshio is attributable to the wind-speed enhancement. In addition
about 9 percent in Q1 (U10 = 7.8 m/s at 29°N and 8.5 atrbaleothwidsednacmn.Indiin
abouat 98percent iontQib (U irect7.8lm about 5to9 an -8 to the unstable thermal stratification, it is suggested that
m/s at 28tN), and contributes directly about 5 to 9 per- the wave-current interaction is another important mecha-
cent to the wave-variance enhancement; the observed nism boosting the wave-height enhancement. Numerical
wave-variance enhancement is about 30 percent (is = 1.71 computations using the action density conservation equa-
m at 29°N and 1.95 m at 28°N). For Q4, the wind-speed tion show that the contribution due to wave-current in-
enhancement is about 15 percent (Uo = 6.5 m/s at 29°N teraction is on the same level as the direct effect of the
and 7.5 rn/s at 28°N) and makes about a 10 to 15 percent wind-speed enhancement.

direct contribution; the observed wave-variance enhance-
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